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complex is formed by a core of six proteins including the Myb-type homeodomain TRF proteins in mammals, Rap1 in Saccharomyces cerevisiae and Taz1 in Schizosaccharomyces pombe which bind the duplex form of the telomere repeats, the OB-fold containing protein POT1 in mammals and S. pombe and Cdc13 in S. cerevisiae which bind the single-stranded telomere 3'overhang and by other proteins associated via protein-protein interactions with them (Rhodes et al., 2002; Vega et al., 2003; Zhao et al., 2009) . This shelterin complex is evolutionary conserved although some differences between species appear in protein numbers and in its higher order structure (Linger & Price, 2009 ). The G-rich single stranded telomere tail is also able to form a secondary DNA order structure resulting from intra and intermolecular G-quadruplex (Fry, 2007; Maizels, 2006) . G-quadruplexes are stacked associations of G-quartets, which are themselves planar assemblies of four Hoogsteenbonded guanines, with the guanines derived from one or more nucleic acid strands (De Cian et al., 2008; Johnson et al., 2008) . These structures have been observed in lower eukaryotes (Paeschke et al., 2008; Paeschke et al., 2005; Schaffitzel et al., 2001) and have the potential to regulate telomerase activity (Oganesian et al., 2006; Zahler et al., 1991) . Secondary DNA structures, G-quadruplex structures and T-loop may contribute to telomere function but pose an obstacle for semi-conservative and telomerase-mediated replication, a problem which should be solved to avoid telomere shorten. Telomeres become shortened during every cell cycle due to incomplete replication of the lagging strand (the so called ''end replication problem") resulting in cumulative telomere attrition during aging. In addition, a loss of telomere DNA occurs due to post-replicative degradation of the 5´ strand that generates long 3´ G-rich overhangs (Wellinger et al., 1996; Wellinger et al., 1993) . In most species, the loss of telomere DNA is counteracted by the action of telomerase that carries its own RNA template coding for the telomere repeat sequence (Chan & Blackburn, 2004) . The complementary C-rich strand is then synthesized by conventional RNA-primed DNA replication (Gilson & Geli, 2007; Verdun & Karlseder, 2007) . Following replication, the telomeres created by the synthesis of the leading strand are either blunt-ended or left carrying a small 50 bp overhang whereas those created by the lagging-strand synthesis have a 3' overhang with a length determined by the position of the outermost RNA primer (de Lange, 2009 ). This fact supports the importance of the telomerase activity for the genome integrity. When telomeres reach a critical minimal length they become uncapped. This leads to a permanent cell cycle arrest (termed cellular senescence) or to apoptosis, depending on the cellular context in which the uncapping occurs (Aubert & Lansdorp, 2008; Blasco, 2005) . Extreme telomere shortening leads to chromosome instability, end-to-end fusions, and checkpoint-mediated cell cycle arrest and/or apoptosis (reviewed in Aubert & Lansdorp (2008) and in Shore & Bianchi (2009) . The whole processes are related in mammals not only to aging, but also to several age associated diseases such as tumorigenesis, coronary artery disease, and heart failure (Donate & Blasco, 2011; Ogami et al., 2004; Sherr & McCormick, 2002; Starr et al., 2007) . In addition to the role of telomerase in maintaining telomere length, it has been described that homologous recombination (HR) constitute an alternative method (ALT ''alternative lengthening of telomeres'') to maintain telomere DNA in telomerasedeficient cells with telomeres highly heterogeneous in length. This mechanism was described in S. cerevisiae and consists in two pathways depending on different recombination proteins that use different telomere sequences as substrates for recombination. Cancer and immortalized cells can utilize the ALT mechanism to maintain telomere length (Lundblad & Blackburn, 1993; Teng et al., 2000; Teng & Zakian, 1999) .
Telomeres were considered as regions where the transcription of structural genes is repressed (Mondoux & Zakian, 2005) , although it has been recently reported that telomere repeats and subtelomere regions can be transcribed Luke & Lingner, 2009; Luke et al., 2008; Schoeftner & Blasco, 2008) . The telomere transcribed region, called TERRA (telomere repeat-containing RNA), forms an integral component of telomere heterochromatin, and produces non-coding G-rich RNAs transcribed from the telomere Crich strand in mammals and fungi Luke et al., 2008; Sanchez-Alonso & Guzman, 2008; Schoeftner & Blasco, 2008) . TERRA transcription occurs at most or all chromosome ends and it is regulated by RNA surveillance factors and in response to changes in telomere length. The accumulation of TERRA at telomeres can also interfere with telomere replication Luke & Lingner, 2009; Schoeftner & Blasco, 2009 ). The particular sequence organization of telomere makes difficult its genetic mapping and sequencing due to they are cloning recalcitrant and underrepresented in mapping and final assembled genomes. Consequently, their cloning and characterization must be made by dedicated molecular and bioinformatics strategies (Perez et al., 2009; Sanchez-Alonso & Guzman, 2008 ).
Subtelomere chromosome regions
Human subtelomere chromosome regions contain complex and dynamic stretches of DNA which, together with their associated proteins, are essential for genome stability and proper chromosome replication (Riethman et al., 2005) . Subtelomere DNA repeats are a complex region of variable size segmentally duplicated containing low copy DNA repetitive tracts adjacent to the telomere. These duplications could be found only at the subtelomere regions, although it is common to find them also at pericentromeric and interstitial chromosomal loci (Riethman et al., 2001) . In humans, subtelomere DNA regions are operationally defined as the terminal 500 Kbp of each euchromatic chromosome arm. These regions contain subtelomere repeats (Srpts), segmental duplications, satellite sequences, and internal (TTAGGG) n -like sequences (Riethman et al., 2004) . The organization of the subtelomere region is structurally conserved across eukaryotes (Anderson et al., 2008; Brown et al., 1990a; Brown et al., 1990b; Chan & Tye, 1983a; 1983b; Flint et al., 1997a; Flint et al., 1997b; Karpen & Spradling, 1992; Levis, 1993; Louis, 1995; Louis & Borts, 1995; Mefford & Trask, 2002; Walter et al., 1995; Wilkie et al., 1991) . This region, susceptible to hypermethylation has been recently shown to have a central function in mammalian telomere-length homeostasis (Blasco, 2007) . Subtelomere repeats are characterized by their high level of polymorphism among different chromosome ends and among individuals of the same species. This polymorphism, possibly indicative of a quick and dynamic sequence turnover, leads to a lack of relationship among subtelomere repeats across species. Nonhomologous or ectopic exchange between subtelomere regions of different chromosomes has been reported as a possible reason of polymorphisms in both yeast and humans (Linardopoulou et al., 2005; Louis & Haber, 1990; Mefford & Trask, 2002) . In humans, there are more re-arrangements at the sub-telomere regions than in the rest of the genome. This is also true in some lower eukaryotes such as Plasmodium falciparum (FreitasJunior et al., 2000) , Magnaporthe oryzae (Rehmeyer et al., 2006) and Neurospora crassa (Wu et al., 2009) , among others. In all these cases genes involved in niche adaptation (species-specific genes) were found in the subtelomeric regions. It could be that the high evolutive potential of the subtelomeric regions were used by these organisms to create variability aimed to avoid the detection by the host. In fungi the genes more frequently found in subtelomere regions are transposons, telomere-linked RecQ helicases, clusters of secondarymetabolites, cytochrome oxidases, hydrolases, molecular transporters, and genes encoding secreted proteins (Perez et al., 2009) . These genes could undergo transcriptional silencing (subtelomere silencing) due to its close proximity to telomeres.
Interstitial telomere repeats
The various chemical modifications occurring at the amino terminal end of the histones affect the structure of chromatin and help establishing the functional and structural domains known as euchromatin and heterochromatin. Euchromatin is an open form of chromatin that allows transcription factors access to and transcriptionally activate their target genes. It is largely occupied by housekeeping genes, condensed during metaphase and decondensed during interphase. Heterochromatin, on the contrary, differs from euchromatin in that it is condensed during interphase. Heterochromatin has been often said to be "poor in genes" and mainly constituted by repetitive DNA sequences. Moreover, since it is highly condensed and inaccessible to transcription factors, heterochromatin is generally transcriptionally silent (Hernandez-Rivas et al., 2010 ). Heterochromatin appears as blocks spread over the chromosomes when they are stained with Giemsa dye. The molecular analysis of heterochromatic blocks reveals sequences similar to the telomere repeats that are called in this case interstitial telomere repeat sequences or ITRs. These sequences include those repeats located close to the centromere and those found at interstitial sites, i.e., between the centromere and the telomeres (Meyne et al., 1990; Slijepcevic et al., 1996) . ITRs were described in plants, animals and humans (Bolzan & Bianchi, 2006; Uchida et al., 2002; Welchen & Gonzalez, 2005) . At the chromosome level, ITRs can be detected either by using the Fluorescence in situ hybridization (FISH) technique with a DNA or a peptide nucleic acid (PNA) pan-telomere probe (i.e., a probe that identifies simultaneously all of the telomeres in a metaphase cell), or by the primed in situ labeling (PRINS) reaction using an oligonucleotide primer complementary to the telomere DNA repeated sequence (Bolzan & Bianchi, 2006) . The length and the locations of the heterochromatic blocks in chromosomes are variable (Azzalin et al., 2001; Faravelli et al., 1998; Weber et al., 1990) as well as their origin. However, the presence of ITRs in the heterochromatic blocks is interpreted as the result of tandem telomere-telomere fusions during evolution (Hastie & Allshire, 1989; Holmquist & Dancis, 1979; Meyne et al., 1990) or the insertion of telomere DNA within genome unstable sites (recombination hotspots) during the rep a i r o f d o u b l e s t r a n d D N A b r e a k s ( D S B ) (Azzalin et al., 2001) . The presence of some relatively small ITRs flanked by unstable ATrich DNA sequences could support this last hypothesis (Faravelli et al., 2002) . On the other hand, telomere associations and fusions are common cytogenetic findings that have been implicated in the initiation of chromosome instability and tumorigenesis (Callen & Surralles, 2004; Murnane & Sabatier, 2004; Soler et al., 2005) . Telomere fusions are the result of telomere dysfunction due to attrition of chromosome ends (Maser & DePinho, 2004) . They are usually found in repair-and/or telomerase-deficient cells (Bailey et al., 1999; Blasco et al., 1997; Hande, 2004; Hande et al., 1999; Lo et al., 2002; Samper et al., 2000) with a variety of mutations affecting telomere function, including those occurring in proteins of the shelterin complex (Bailey et al., 1999; Goytisolo et al., 2001) . Mammal cells show a high frequency of telomere fusions (end-to-end) and chromosome instability (Bailey et al., 2004; Bailey et al., 1999; Espejel et al., 2002; Hsu et al., 2000; Smogorzewska et al., 2002; Takai et al., 2003; van Steensel et al., 1998) . The FISH technique allows the identification of metacentricsubmetacentric and acrocentric-telocentric chromosome telomere fusions also known as Robertsonian-like configurations (Al-Wahiby et al., 2005; Hande, 2004) . The occurrence of telomere-telomere associations has been suggested to play a role in nuclear organization (Nagele et al., 2001) . In fact, telomere associations were seen in metaphases of human cells with shorten telomeres suggesting that a minimal telomere length is required for a proper chromosome function during mitosis.
Fungal telomeres -A bioinformatics approach
The basic and conserved telomere unit sequence in most filamentous fungi is TTAGGG. This sequence has been described in Aspergillus nidulans (Bhattacharyya & Blackburn, 1997) , Beauveria bassiana (Padmavathi et al., 2003) , Botrytis cinerea (Levis et al., 1997) , Cladosporium fulvum (Coleman et al., 1993) , Fusarium oxysporum (Inglis et al., 2000) , Glomus intraradices (Hijri et al., 2007) , Magnaporthe grisea (Gao et al., 2002) , Metarrhizium anisopliae (Inglis et al., 2005) , N. crassa (Wu et al., 2009) , Pestalotiopsis microspora (Long et al., 1998) , Pleurotus ostreatus (Perez et al., 2009) , Pneumocystis carinii (Keely et al., 2001) , and Ustilago maydis (Sanchez-Alonso & Guzman, 2008) . However, variations of this sequence can be found in other fungi such as A. oryzae that has dodecanucleotide telomere repeats (Kusumoto et al., 2003) Incomplete and imperfect telomere units have been reported in: A. oryzae, Candida albicans, Kluyveromyces lactis, S. cerevisiae and S. pombe. Two DNA sequence domains can be found adjacent to the telomere repeats. One of them, distal, is placed next to the telomere and contains tandem repeat motifs. The other, proximal, is interstitial, contains less repeated sequences and ferries clusters of related genes . In several fungi, it has been observed an increased number of proteins involved in interactions with the environment coded for by genes mapping close to the telomeres. These genes are called 'contingency genes', they are dispensable for survival and are highly variable in populations. The accumulation of these genes near the telomeres is a strategy that allows fungi to afford new environments. In fact, it has been observed in S. cerevisiae that the genes located near the telomeres display variation in gene amplification and/or expression depending on the growing niche of the yeast. Some of these genes belong to the PAU family, the largest gene family in S. cerevisiae (23 members), whose regulation depends on the environmental growing conditions (anaerobiosis) (Rachidi et al., 2000) . Other telomere associated genes in S. cerevisiae are MAL and MEL that participate in maltose and melibiose fermentation, used in the baking and brewing industries (Gibson et al., 1997; Teunissen & Steensma, 1995) , and FLO that encodes cell-wall glycoproteins which participate in the regulation of cellular adhesion (Gibson et al., 1997; Halme et al., 2004; Teunissen & Steensma, 1995) . Similarly, the TLO family unique in C. albicans consists of 15 members present on every chromosome, 14 of which are located at chromosome ends. Genome comparisons between C. albicans and Candida dublinienesis showed that the principal disparity in gene content between both species resides in the lack of the TLO genes in this last one. CdTLO1 null strains show a major reduction in hyphal formation in response to serum that can be reversed by complementation with either of two C. albicans TLO genes (Jackson et al., 2009 ).
In human parasites it has been described several families of well characterized or putative virulence factors at chromosome ends. In Candida glabrata (De Las Penas et al., 2003) nearly 24 adhesin encoding genes were located at telomere regions, and, in P. carinii clusters of major surface antigen genes have been bioinformatically predicted at every chromosome end (Keely et al., 2005) . A similar situation was reported in P. falciparum and Trypanosoma brucei where families of antigen surface proteins inducing immune responses are encoded in telomere regions as part of a pathogen's mechanism to amplify and diversify surface antigen genes to avoid host recognition, as it has been hypothesized (Barry et al., 2003) . To determine if plant pathogenic fungi use a similar mechanism to avoid host defenses, Farman's group analyzed and characterized the telomere organization in the rice blast pathogen M. oryzae (Rehmeyer et al., 2006) and in N. crassa (Wu et al., 2009 ). The molecular and bioinformatics approach allowed them to identify 14 chromosomes in both of them. In M. oryzae, the analysis of these sequences reveals the presence of a clearly defined distal subtelomere domain that contains a telomere-linked helicase (TLH) gene. No gene duplication near the chromosome termini is observed. Thus it is impossible to detect a proximal subtelomere domain. The sequenced N. crassa genome (Galagan et al., 2003) contains very little intact, duplicated DNA due to the repeat-induced point mutation (RIP) process (Selker, 1990) . This situation made unlikely that N. crassa would possess intact subtelomere domains or terminal gene duplications. The search for tandem repeats at the ends of some chromosomes whose sequences extend out of the telomere repeats shows the lack of conserved subtelomere tandem repeats. A similar situation is observed when the sequences immediately adjacent to the TTAGGG repeats were compared between strains. Consistent with the absence of distinct subtelomere elements, N. crassa lacks the TLH genes that are present in the subtelomere regions of diverse fungi (Gao et al., 2002; Inglis et al., 2005; Louis & Haber, 1992; Mandell et al., 2005; Perez et al., 2009; Rehmeyer et al., 2006; Sanchez-Alonso & Guzman, 1998) . As in other fungi, the terminal regions of N. crassa chromosomes ferry genes related to secondary metabolism such as a monooyygenase (CYP450), a FAD-binding domain containing protein, a second CYP450, an Omethyltransferase, a polyketide synthase, a major facilitator superfamily efflux pump, a putative transcription factor, and an oxidoreductase. Apart from the clusters of secondary metabolite genes, there were no genes overrepresented in the chromosome ends, except those predicted to code for enzymes related to plant cell-wall degradation activity. In basidiomycetes, despite the genomes of an ever growing number of genera involved in lignin degradation, enzyme production, and bio pulping have been sequenced and annotated, the information on the characteristics of their telomere and sub-telomere regions is rather limited. As it was discussed above, this is due to the particular characteristic of telomeres that make them refractory to cloning and difficult to sequence and assemble in whole genome sequencing projects. A consequence of the difficulty in cloning telomeres is that, for most organisms, there is limited information on the organization of chromosome ends. Data about basidiomycete telomeres are available for U. maydis (Sanchez-Alonso & Guzman, 1998), M. anisopliae (Inglis et al., 2005) and P. ostreatus (Perez et al., 2009 ). In the three cases, the conserved telomere repetitive unit is TTAGGG, and the number of tandem repetitions varies among species: 37 times in U. maydis, from 18 to 26 in M. anisopliae, and from 25 to 150 in P. ostreatus. In all these cases, genes coding for RecQ helicases have been found adjacent to the telomere regions. In P. ostreatus, a lignin degrader edible mushroom, the analysis of telomere organization was carried out with a combination of genetic, molecular, and bioinformatics tools. This approach allowed our group to map 19 out of the 22 chromosome ends expected in its linkage map (Perez et al., 2009) , as well as to study the telomere adjacent regions. Similar strategies have been described by different authors (Rehmeyer et al., 2006; Sanchez-Alonso & Guzman, 2008; Wu et al., 2009 ). The search for telomere regions was performed in whole genome sequence draft assemblies. These preliminary genome sequence versions appeared as incomplete, contained some genes truncated and were misassembled. The rationale for using them is that the genome final assembling strategies very often alter or eliminate the telomere and subtelomere repetitive sequences of the fully assembled genomes. We used the open-access Tandem Repeats Finder program (TRFp, http://tandem.bu.edu/trf/trf.html) to screen for repetitive telomere sequences in more than 6,200 contigs of the 4X coverage draft sequence assembly of P. ostreatus PC15 produced by the Joint Genome Institute (http://genome.jgi-psf.org/PleosPC15_1/PleosPC15_1.home.html). The TRFp locates and displays tandem repeats in a DNA sequence file submitted in FASTA format without need of specifying the repetitive pattern, its size or any other parameter. The TRFp output consists of two files: a repeat table and an alignment. The repeat table contains information about each repeat, its size, copy number, nucleotide content and location. Clicking on the location indices for this table's entries opens a second web browser that shows an alignment of the copies against a consensus pattern. TRFp is a very fast program that permits the analysis of up to 5 Mb sequence length. Repeats with pattern size in the range from one to 2000 bases could be detected (Benson, 1999) . We identified, in each telomere sequence containing scaffold, the filtered gene models computer and manually annotated within 50 Kbp of the telomere repetitive sequence. This was done by manual inspection of each one of the predicted genes and using them as query in the non-redundant NCBI gene database using the BlastX program (Altschul et al., 1997) . The BlastX results were considered significant if their expected value (e-value) was <e-20. The identified protein sequences were also used to query the online Pfam database using default parameters (Bateman et al., 2004) . A similar approach has also been used by Wu et al. (2009) to search for subtelomere regions containing gene in N. crassa. This type of multiple analysis (genetic, molecular, and bioinformatics) allows the characterization of most of the P. ostreatus telomeres as well as several subtelomere regions that show high nucleotide similarity. The highly polymorphic subtelomere region of P. ostreatus chromosome six contains genes similar to those described in other eukaryotic organisms (RecQ helicases), apart from a species-specific laccase gene cluster (six out of 12 genes annotated in the genome (Perez et al., 2009 ). In conclusion, the assemblage of telomere regions by bioinformatics strategies is a powerful tool to determine the arrangement of genomes in putative linkage groups in species with no genetic maps available, to establish synteny among different basidiomycete genomes, and to determine the presence of genes and gene clusters conserved in the subtelomere regions of different genomes.
Analysis of the basidiomycetes' telomere regions
In the following sections we will review the composition and structure of the telomere and subtelomere regions of the different basidiomycetes using the bioinformatics approach described above. We will use the genome sequence data that are publicly available at the Joint Genome Institute (DOE-JGI, http://www.jgi.doe.gov/). This institute has been developing an intensive sequencing effort on different fungi related with the biological lignocellulose degradation. Lignin is a complex recalcitrant macromolecule that hinders the access of enzymes to cellulose. The enzymatic removal of lignin will permit the access to this large carbon reservoir for its use in different energy-related applications. There are two types of fungi according to their strategy for making cellulose accessible: white rot fungi degrade lignin, and brown rot fungi minimally modify the lignin and attack the cellulose using a different chemical approach (Lundell et al., 2010; Martinez et al., 2005; . Among all the sequenced basidiomycetes, we will concentrate here on the white rot degraders Ceriporiopsis subvermispora, Phanerochaete chrisosporium and P. ostreatus; the brown rot Postia placenta and the tree pathogen Heterobasidion annosum.
Analysis of the telomere regions of Ceriporiopsis subvermispora B
C. subvermispora is a white rot basidiomycete that rapidly depolymerizes lignin with relatively little cellulose degradation when growing on wood (Martinez et al., 2005) . The chromosome number of this species has not been conclusively determined. The JGI has sequenced the strain B. Two type of sequence data (un-assembled reads and assembled scaffolds unmasked) were screened for the presence of telomere sequences in the genome of C. subvermispora: 297,269 unassembled and 740 assembled scaffolds. In 207 unassembled scaffolds, between five and 23 tandem repeats of the telomere motif TTAGGG were found. In most cases (82 % of these unassembled scaffolds) 17 and 19 repeats of the motif were found, and the mean repeat number was 18.7. On the other hand, 187 scaffolds carried between seven and 22 repeats of the telomere complementary sequence CCCTAA. In this case, the modal repetition number varied between 17 and 19 (84% of the scaffolds) and the mean number was 19.2. Taken together these data suggest that the average number of telomere repeats in C. subvermispora is 19.0. The unmasked analysis of 740 assembled scaffolds revealed that 42 of them contained telomere sequences: 22 harbored the TTAGGG sequence and 20 the complementary CCCTAA. The telomere region TTAGGG was placed at the bottom (3' telomere) end of the chromosome in 21 out of the 22 scaffolds. An exception to this was observed in scaffold 3. The sequence was located at an interstitial position. The telomere region CCCTAA was placed at the upper (5' telomere) end of the chromosome in 19 out of 20 scaffolds. As it was described above, this sequence was also placed at an interstitial location in scaffold 3. This suggest a missassembling scaffold 3 because both the direct TTAGGG 21 (TTAGGG, scaffold 3: 1205371-1205497) and the reverse CCCTAA 21 (CCCTAA, scaffold 3: 1206763-1205497) telomere sequences have been found flanking a 1265 bp gap 3 (Fig. 1) . The telomeres found in scaffolds 5 and 7 have a complex structure. The telomere of scaffold 5 contained 22 and 20 copies of the CCCTAA sequence separated by a gap of 193 bp. In the case of scaffold 7, 20 and 18 copies of this sequence appeared separated by a gap of 1680 bp (Fig. 2) . We presume that these particular structures could reflect misassemblages of the telomere sequences in both scaffolds. In summary this analysis has allowed the identification of 42 telomere repeat containing regions. 22 out of them fit with direct telomere sequences (TTAGGG) present in 22 scaffolds and 22 reverse telomere regions (CCCTAA) present in 20 scaffolds. Taking into account that the C. subvermispora strain sequence was a dikaryon, these results suggest that the Ceriporiopsis genome would consist of 11 chromosomes. Because scaffold 7 showed telomere repeats at both ends, the sequence contained in this scaffold would be the only fully assembled chromosome of C. subvermispora.
Analysis of the telomere regions of Phanerochaete chrysosporium strain RP78
P. chrisosporium is a model white rot basidiomycete that has been extensively used because of it interest as lignin degrader (Kersten & Cullen, 2007; Tien, 1987) . The draft genome of the homokaryotic strain of P. chrysosporium strain RP78 was assembled into 232 scaffolds and contains 35.1 Mbp of non-redundant sequences (Martinez et al., 2004) . 90% of the assembly was found in 21 scaffolds, while 50% was found in eight scaffolds larger than 1.9 Mbp. 
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The screening of the telomere sequences was performed as described above using the scaffolds of the assemblage v2.0. The basic telomere unit of P. chrysosporium is the heptamer TTTAGGG. 16 out of the 232 scaffolds contained telomere sequences, eight of them with the TTTAGGG motif. In four of these scaffolds (numbers 7, 9, 23 y 159) the repetitive unit was located at an interstitial position at 3200 bp from the 3' end flanked by a gap. This arrangement could be the result of a wrong assemblage as it can be seen in Fig. 3 . 
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Another telomere-like interstitial region was found at about 300000 bp of the 3' end of scaffold 10. The position of the interstitial telomere block within the scaffold would suggested that it could be the result of an ancestral intra-chromosomal rearrangement (inversions and/or fusions), from differential crossing-over or from the repair of doublestrand break during evolution (Lin & Yan, 2008) (Fig. 4) . It was observed that in eight of the 16 telomere-containing scaffolds identified, the repetitive unit was the complementary CCCTAAA. In five of them, the heptamer unit was placed at the 5' end. A telomere unit in an internal region at 8772 bp of the 5' end was present in scaffold 8 while scaffold 5 ferried a telomere motif at 2123492 bp of the 3' end and another one at 40552bp of the 3' end (Fig. 5) . end. An interstitial fragment of 1342 bp and a gap of 933 bp were found between them suggesting the occurrence of missassemblage (Fig. 6) . Fig. 6 . Location of telomere regions in scaffold 28 of the genome sequence of P. chrysosporium.
In summary, the results presented here suggest that the genome of P. chrysosporium is arranged in at least eight linkage groups. Because scaffold 8 shows telomere repeats at both ends it is suggested that the sequence contained in this scaffold constitute the only fully assembled chromosome of P. chrysosporium.
Analysis of the telomere regions of Pleurotus ostreatus PC15
P. ostreatus PC15 is a monokarytic strain of an industrially-produced edible basidiomycete that has been also used as a model system for lignocellulose degradation. P. ostreatus differs from the other white rot model system (P. chrysosporium) in its enzymatic portfolio for lignin degradation. The structure of its genome was determined by linkage analysis (Larraya et al., 2000) , and the complete genome of this strain has been sequenced. The assemblage v1.0 consists of 19 scaffolds of which 18 were larger than 2 Kbp. The screening of the genome for telomere sequences was carried out as described above and revealed that the elementary telomere unit of P. ostreatus is the hexamer TTAGGG. All scaffolds were screened for telomere regions and 19 telomere regions were recovered. In eight of them the motif TTAGGG was found, and the remaining 11 had the motif CCCTAA. The number of repetitions of the basic unit ranged from 19 to 38. As it was determined, scaffolds 1, 3, 4, 5, 6, 9, 10 and 11 show telomere repeats at both ends indicating that they are fully assembled.
Analysis of the telomere regions of Postia placenta MAD-698
P. placenta is a brown rot basidiomycete that rapidly depolymerizes the cellulose in wood without significant lignin removal. This type of decay differs sharply from white rot fungi such as P. chrysosporium and P. ostreatus. The genome of the dikaryotic strain of P. placenta MAD-698 revealed a genome of 90.9 Mbp assembled in 1243 scaffolds ). All the scaffolds of the assemblage were screened for telomere sequences as above. The basic telomere unit in this fungus is the pentamer TTAGG. The analysis of 1243 scaffolds revealed the presence of 23 regions containing telomere sequences. 12 of them carried the TTAGG sequence: in eight of them the sequence was found at the scaffold's 3' end, three scaffolds ferried the sequence in an interstitial location (Fig. 7) and in one of them two regions with the pentamer sequence appeared at the end of the chromosome but separated by 2373 bp suggesting a missassemblage of scaffold 178 at its 3' end (Fig. 8 ). 
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The remaining 11 scaffolds carried the telomere unit CCTAA placed at the 5´end in seven of them. The scaffold 99 (Fig. 9 ) has a complex structure with two interstitial CCTAA regions containing the motif. One of them located towards the scaffold 5' end, contains 40 copies of the telomere unit, and the other, located 16533 bp downstream, another interstitial region containing 19 repetitions of the unit. A gap of about 50 bp placed at the 5´end of this interstitial region suggests that this arrangement could be due to a missassemblage. Fig. 9 . Location of telomere regions in scaffold 99 of genome sequence of P. placenta.
The scaffold 33 also showed two interstitial regions with 40 and 30 repetitions of the of the CCTAA telomere motif. One of the regions was preceded by a gap of 701 bp suggesting that it could be a wrong assemblage. The other one (40 copies of the telomere unit) could very well represent and ITS (Interstitial Telomere Sequence) that can be produced by chromosome rearrangements as described above. Two other scaffolds with interstitial sequences were found. Scaffold 70 showed 26 repetitions of the CCTAA telomere unit at 38395 bp from the 5´ end preceded by a gap, and scaffold 144 showed 50 repetitions of the telomere unit at 181041 bp from the 5' end preceded by another other gap of 50 bp (Fig. 11) . We suggest that these structures are consequence of wrong assemblages. In summary, P. placenta has a telomere pentameric (TTAGG) basic repetitive unit. The number of copies present in the assembled genome ranged from 19 to 70. The analysis of data suggests that the minimum number of linkage groups of this species could be 12.
Analysis of the telomere regions of Heterobasidion annosum
Heterobasidion annosum is a root pathogen responsible for important losses in conifer plantations and natural forests throughout the northern hemisphere (Asiegbu et al., 2005) . Genetic linkage analyses of this fungus had produced maps with 19 large linkage groups and 20 smaller ones (Lind et al., 2005) , but the precise chromosome number for this species has not been conclusively determined. The v2.0 of the homokaryotic H. annosum genome assembly consists of 33.1 Mbp sequence assembled into 15 scaffolds at least 10 of which represent nearly complete chromosomes (http://genome.jgipsf.org/Hetan2/Hetan2.home.html). The screening of the telomere sequences was performed as it was described above. The H. annosum telomere repetitive sequence is a TTAGG pentamer. The screening of the 15 scaffolds rendered 19 telomere regions. Six of them corresponded to the direct repeat sequence at the 3' end of the scaffolds, and the remaining 13 carried the reverse sequence CCTAA at the scaffold's 5' end. These results suggest that the genome of H. annosum is arranged in at least 13 linkage groups. Taking into account that scaffolds 5, 6, 9, 10, 11 and 12 contained telomere repeats at both ends, it can be concluded that they could correspond to fully assembled chromosomes.
Summary of the telomere regions of different basidiomycetes
A summary of the structural characteristics of the telomeres studied in this paper can be found in Table 1 . 
Analysis of the basidiomycetes' subtelomeric regions
The analysis of the subtelomeric regions is aimed at answering two questions: are the genes sitting at the subtelomeric a representative sample of the genes of each species or is there enrichment in sub-telomere specific genes? If this were the case, which are these telomereenriched genes and are they conserved across species? In order to address these questions, we have recorded the genes automatically annotated in 50 Kbp regions adjacent to the different telomeres identified in the species analyzed, we have checked them manually and we have recorded and classified the Gene Ontology (GO) terms related to the genes identified in these regions (Ashburner et al., 2000) . As the number of telomere-containing scaffolds differed in the various species, (from 12 in P ostreatus to 1243 in P. placenta) the length of genomic sequence screened also varied, although in a much smaller degree (from 800 Kbp in P. chrysosporium to 2100 Kbp in C. subvermispora). The gene density of the analyzed regions was found to be related to the degree of finishing of the genome: those assembled as draft (C. subvermispora, P. placenta and P. chrysosporium) have gene densities lower than 0.20 genes per Kbp, whereas the gene density in the finished genomes is much higher (0.34 and 0.49 genes per Kbp). The gene density in the draft genomes seems to be significantly lower than the global gene density in the corresponding genomes. This can be due to deficiencies in the annotation of these draft genomes since the global gene density in all the species analyzed (with the exception of P. placenta) is very similar. In all cases, the most of the genes automatically annotated at the subtelomeric regions had no homology with others of the gene databases (cutoff criterion evalue<e-20 for BlastX) ( Table 2) . The Gene Ontology annotation is aimed at standardizing the representation of gene and gene products in such a way that they can be compared among databases. This approach project provides a controlled vocabulary of terms for describing gene product characteristics and gene product annotation data (Ashburner et al., 2000) . There are three classification categories that are provided by the consortium: Biological Process (BP), Cellular Component (CC) and Molecular Function (MF). Each identified gene product is labeled with all the GO terms in each category that can define it. By this way, a list of GO terms provides a kind of picture describing the specific condition of the gene subset that is under study. We have studied the three categories of GO annotation in the genes annotated in 50 Kbp subtelomeric regions in the five genomes studied and recorded their general statistics (Table 3) . Because of the low number of gene models identified in the subtelomeric regions and because not all of them can be labeled with a GO term, the numbers of terms in the categories of Biological Table 2 . Density and homology types in the subtelomere regions.
Processes and Cellular Component are rather low, whereas the number of Molecular Function terms is much higher and produces a clearer picture of what are the subtelomeric regions coding for (Table 3) . Table 3 . GO terms richness in the subtelomeric regions of the five basidiomycetes analyzed.
In order to determine if the genes found at the subtelomere constitute a representative sample of the genes of each species, we can perform a simple statistical analysis to calculate the numbers that would be expected for each one of the GO terms in the subtelomeric regions using the whole genome data as frequency. If we do this type of study, we conclude that the distribution of the subtelomeric GO terms for each one of the categories is not a representative sample of the total gene set for each one of the species (data not shown) and, consequently, we can conclude that there are sets of genes that are found more frequently at the telomere regions. For identifying these sets, we must discuss the GO term distribution in each one of the species.
Analysis of the subtelomere regions of Ceriporiopsis subvermispora B
The analysis of the 283 gene models annotated in the subtelomeric regions of C. subvermispora revealed 46 BP terms in which transport, protein amino acid phosphorylation, metabolic process, electron transport, carbohydrate metabolic process, and proteolysis are the more represented ones. The terms transport, protein amino acid phosphorylation and carbohydrate metabolism seem to be overrepresented in this region whereas the terms metabolic processes and electron transport seem to be underrepresented in comparison with the total genome. The analysis revealed 15 CC terms annotated in this region. Out of which, the terms intracellular, integral to membrane, membrane and nucleus are the most represented ones in this category. All of them, except the term nucleus, seem to be overrepresented in the subtelomeric region. Finally, out of the 127 MF terms being the more represented were ATP binding, zinc ion binding, nucleic acid binding protein, binding protein, kinase activity, protein serine/threonine kinase activity, transporter activity, oxidoreductase activity, and protein-tyrosine kinase activity. All of them seem to be overrepresented in the subtelomeric regions in comparison to the whole genome.
Analysis of the subtelomere regions of Phanerochaete chrysosporium
The analysis of the 134 gene models annotated in the subtelomeric regions of P. chrysosporium revealed 22 BP terms being the most represented terms proteolysis and peptidolysis, electron transport, metabolism, methionine biosynthesis, protein transport, small GTPase mediated signal transduction, and transport. The analysis revealed 9 CC terms out of which, the terms membrane, nucleus and integral to membrane are the most represented ones in this category. Finally, out of the 88 MF terms, the more represented terms are those of aspartic-type endopeptidase activity, nucleic acid binding, zinc ion binding, ATP binding, and oxidoreductase activity
Analysis of the subtelomere regions of Pleurotus ostreatus
The analysis of the 319 gene models annotated in the subtelomeric regions of P. ostreatus revealed 24 BP terms being the most represented terms protein amino acid phosphorylation, proteolysis, metabolic process, electron transport, and transport. The analysis revealed 10 CC terms out of which, the terms intracellular, integral to membrane, nucleus, cell wall and ribosome are the most represented ones in this category. Finally, out of the 161 MF terms, the more represented terms are those of ATP binding, nucleic acid binding, oxidoreductase activity, protein-tyrosine kinase activity and zinc ion binding.
Analysis of the subtelomere regions of Postia placenta
The analysis of the 177 gene models annotated in the subtelomeric regions of P. placenta revealed 20 BP terms being the most represented terms proteolysis, electron transport, protein amino acid phosphorylation and regulation of transcription DNA-dependent. The analysis revealed 7 CC terms out of which, the terms intracellular, membrane, and nucleus are the most represented ones in this category. Finally, out of the 65 MF terms, the more represented terms are those of ATP binding, nucleic acid binding and zinc ion binding.
Analysis of the subtelomere regions of Heterobasidion annosum
The analysis of the 470 gene models annotated in the subtelomeric regions of H. annosum revealed 48 BP terms being the most represented terms metabolic process, transport, electron transport, regulation of transcription DNA-dependent, carbohydrate metabolic process, and proteolysis. The analysis revealed 12 CC terms out of which, the terms membrane, integral to membrane, intracellular, nucleus and cytoplasm are the most represented ones in this category. Finally, out of the 186 MF terms, the more represented terms are those of zinc ion binding, oxidoreductase activity, ATP binding, binding and heme binding.
Comparative analysis of the subtelomere regions of the five basidiomycetes
The record of the GO terms associated to genes found in the 50 Kbp adjacent to the telomere sequences in the five basidiomycetes analyzed reveals common patterns that permit to determine some telomere-enriched GO term families. As a preliminary study, we have taken into account the terms that are always present in among the most represented ones in each of the categories and we have extracted those of them that are present in all or most of the species analyzed. If we consider the BP category, the term electron transport is among the most represented in the five species studied and the terms transport, protein aminoacid phosphorylation, metabolic process and proteolysis are present in four of the five species. So, we can conclude that the subtelomeric regions are enriched in these processes. The species C. subvermispora, H. annosum, and P. ostreatus have subtelomeric regions where the more abundant BP-GO terms are highly similar whereas the subtelomeric regions in P. chrysosporium are the most dissimilar.
If we consider the CC category, the terms nucleus and intracellular are present among the more represented ones in all the species studied, the terms membrane and integral to membrane are present in four of the species and the terms ribosome and cytoplasm are present in three of the five species. In this case the more different subtelomeric regions in terms of the CC-GO terms are those of C. subvermispora and P. placenta, being the other three species in intermediate positions.
Finally, in the case of the MF terms, as their number is much higher, a deeper comparison can be made among the species (Table 4) . The five species analyzed share the most frequent MF terms associated to the genes in the subtelomere regions supporting the idea of a preference for certain gene of gene families at these chromosome locations. 
Molecular function

Synteny
Synteny can be defined as the conservation of the relative positions and order of genes in different chromosomes. This definition implies that the conserved genes are related by their descent from an original ancestor (homologous genes). There are two types of homology: orthology and paralogy. We can call two genes belonging to different species as orthologous if they descent from a single gene present in the last common of the two species. On the other hand, two genes are called paralogous, if they derive from gene duplication events occurred in a given species. The orthology requires that speciation has occurred, whereas this is not necessary in the case of parology, which can occur only in individuals of the same species. As the evolutionary histories of different species may differ, groups of paralogous genes can be orthologous of a single gene in a different species. The preserved colocalization of genomic regions on chromosomes of different species is called shared synteny. This may involve relationships between genes within the syntenic regions involved, such as combinations of alleles that are advantegeous when inherited together, or shared regulatory mechanisms. The problem of identifying syntenic regions in different genomes has been addressed using different strategies including the use of FASTA (Lipman & Pearson, 1985) and Blast (Altschul et al., 1997) , and different bioinformatics approaches (Catchen et al., 2009; Grabherr et al., 2010; Tang et al., 2011) . We have used a method based on the identification of synteny regions at the chromosome ends by means of a BLASTP analysis of genes in the two genomes using a cut-off threshold of e-20. Later, the Vista Synteny Viewer (http://genome.lbl.gov/vista/index.shtml) integrated into the JGI Genome Portal was used in the preliminary orthologous searching of each species. This tool enables pair-wise comparative analysis of genome assemblies at three levels of resolution. The use of synteny software programs is of particular interest to see the particular changes undergone by the subtelomeric regions during evolution (Housworth & Postlethwait, 2002) . For instance, the chromosome 3 in H. annosum maintains the synteny with P. ostreatus chromosome 3, but the H. annosum subtelomeric region aligned with a central region of P. ostreatus chromosome 4 suggesting the occurrence of a translocation event after the divergence of the two species. The different basidiomycetes were used as reference genomes and P. ostreatus PC15 v2.0 was the query genome. Focusing in the distal 50Kbp of each chromosome, we identified the putative gene orthologous in the subtelomeric regions of each basidiomycete. Then we used that gene sequences as query in a BlastP search of the P. ostreatus filtered model genes as subject. Two models were considered as orthologous if their alignment had an e-value lower than e-20 and they shared a minimum 60% in identity percentage. The synteny between the subtelomeric regions was analyzed using P. ostreatus chromosomes as a reference. It was observed that seven P. ostreatus chromosomes (chromosomes 1, 3, 4, 5, 7, 8 and 10) harbored sequences homologous to subtelomere regions of the other basidiomycetes analyzed in this study (Table 5) . 47 synteny regions were uncovered when the subtelomeric regions of C. subvermispora were compared to those of P. ostreatus. The highest number (16) corresponded to those regions placed at P. ostreatus chromosome 7. However, it should be mentioned that 12 C. subvermispora gene models were found within a 30 Kbp region of the P. ostreatus genome (data not shown). The lowest number of synteny regions was found when the subtelomeric regions of P. placenta were used as query. Table 5 . Number of subtelomeric synteny regions in different basidiomycetes using P. ostreatus as reference.
The chromosome 4 of P. ostreatus can be defined as mosaic of modules of subtelomeres from the other basidiomycetes studied in this paper. The list below contains some gene models mapping to the subtelomeric regions in these basidiomycetes that were found at interstitial positions in P. ostreatus chromosome 4: from C. subvermispora, a cell cycle check point protein, a membrane transporter, a histone deacetylase, a histidine acid phosphatase, the ribosomal protein L1 and an ABC transporter; from P. chrysosporium, a haloacid dehalogenase-like hydrolase and a glycoside hydrolase; from P. placenta, an inositol polyphosphate phosphatase, a metal-dependent phosphohydrolase, and a monooxygenase; from H. annosum, a mitochondrial carrier transporter, a Golgi transporter, and zinc finger transcription factor (Fig. 12) . 11 out of 12 gene models of C. subvermispora were syntenic to a 20 Kbp regions of P. ostreatus chromosome 8. These gene models corresponded to a nucleic acid binding protein, citrate synthase, a methyltransferase, an exoribonuclease, a phosphoribosyltransferase, a prenyltransferase, a homeobox transcription factor, a mitochondrial inner membrane protein importer, as DNA-J type heat shock protein, a RNA splicing protein, and a cytochrome c oxidase. The genome of P. falciparum is organized in 14 compartmentalized chromosomes where the conserved regions form the central chromosomal domains and the polymorphic regions are at the terminal domains. In this way, housekeeping genes tend to be located at the central regions of the chromosomes, whereas the highly variable gene families responsible for the antigenic variation of the parasite are clustered towards the telomeres (Hernandez-Rivas et al., 2010) . Our results suggest that a similar type of chromosomal organization would be expected to occur in basidiomycetes, although a larger number of genomes should be studied to fully support this hypothesis. 
Conclusion
The bioinformatics analysis described in this paper allowed us to establish the type and the number of the telomere repeat unit in the basidiomycetes analyzed, to suggest the putative linkage groups in fungi where linkage maps are not available, to uncover misassembled telomere regions, and to reveal the preference for some gene models to be located at the subtelomeric regions and to uncover synteny among the subtelomere regions in the basidiomycetes analyzed.
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